Objectives: We assessed sociodemographic and health care factors of mothers and newborns during a 2015-2016 outbreak of microcephaly in Recife, Brazil, and we analyzed the spatial distribution and incidence risk of newborns with microcephaly in relation to socio-environmental indicators.
During 2015 and 2016, the number of newborns with microcephaly in Brazil increased substantially. The highest rate was recorded in Pernambuco state; the rate of newborns with microcephaly increased from 0.06 per 100 000 live births in 2010-2014 to 4.61 per 100 000 live births in 2015. 1 Toward the end of 2016, the number of newborns born with microcephaly declined in Brazil, but prevalence remained high in the city of Recife, the capital of Pernambuco, where 54 newborns with microcephaly were identified from June 2016 through February 2017. 2 Although speculation about the possible causes of this epidemic varies, the most robust scientific evidence associates microcephaly with infection by the Zika virus. [3] [4] [5] Whereas not all cases of Zika infection in pregnant women during the epidemic resulted in microcephaly, 6, 7 a temporal relationship between the increase in circulation of the Zika virus and the increase in reports of microcephaly existed. 3 Historically, multiple factors have been implicated in the etiopathogenesis of microcephaly, including genetic causes, environmental elements, and gestational infections, all of which potentially affect the growth of the fetus's brain. 3 Environmental elements include the exposure of pregnant women to infectious agents (viruses and parasites), toxic substances, and radiation. 6 Zika virus infection was added to this list of risk factors for microcephaly in 2016. 5 From the beginning of the epidemic in the second half of 2015 through June 2016, surveillance data identified 7830 newborns in Brazil who were suspected to have microcephaly. Of these, 1551 newborns were confirmed to have microcephaly, with or without alteration of the central nervous system. Of these newborns with microcephaly, 1987 (25.4%) were located in Pernambuco state, which was the highest proportion among any of the 27 Brazilian states. 8 Owing to the severity of microcephaly and its central nervous system sequelae, and the possibility of expanding vector propagation, the World Health Organization issued a warning in February 2016. In this announcement, the World Health Organization declared a state of international emergency, recommended surveillance of microcephaly and other neurological disorders in areas at risk of Zika transmission, and encouraged researchers to identify whether Zika causes microcephaly and whether other factors were involved in the epidemic. 9 Since that time, much has been written and published about the association between Zika infection and microcephaly. However, more can be learned, including about the relationship during outbreaks between local socioenvironmental factors and microcephaly. The objective of this study was to assess the maternal and newborn sociodemographic and health care factors involved in the microcephaly outbreak in Recife, Brazil , and to analyze the spatial distribution and incidence risk of newborns with microcephaly in relation to various socioenvironmental indicators.
Methods
We conducted an ecological study of Recife by using secondary databases. Recife covers an area of 218.4 km 2 and had a population density of 7039 inhabitants/km 2 in 2010. 10 In 2010, it had the highest Municipal Human Development Index (MHDI) in northeastern Brazil, calculated as 0.772.
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The MHDI is derived by adjusting the methodology used for the global human development index to the Brazilian context; it assesses levels of longevity, education, and income, and values range from 0 (lowest level) to 1 (highest level). We used data from the Brazil Live Birth Information System (SINASC), 12 which provides microdata on live births by sex, birthplace, birth weight, age, and residence of mother. We collected data for Recife from August 2015 through May 2016. Data on some variables in a small number of births were missing from the SINASC database. To fill in these gaps, we used data from the Bulletin of Notification of the Health Strategic Surveillance Information Center Platform of Recife (CIEVS/RECIFE). 13 The bulletin is the compulsory notification instrument, established by the Ministry of Health of Brazil, for all suspected diseases, outbreaks, and events that are considered public health emergencies, including microcephaly. For our definition of microcephaly, we used the International Fetal and Newborn Growth Consortium for the 21st Century (Intergrowth-21st) criterion, which considers those with a head circumference of 2 standard deviations below the mean to have microcephaly.
14 Using this definition, we reclassified all births with suspected microcephaly found in the SINASC and CIEVS/RECIFE data. We used the mother's address to geocode the data (ie, convert addresses into geographic coordinates). We classified hospitals where births occurred as either public or private.
For data analysis, we excluded 123 mothers with missing data on ethnicity, 34 mothers with missing data on type of pregnancy, 35 mothers who gave birth at home, 1 mother for whom data on location of delivery were unknown, and 5 newborns whose sex could not be identified because of malformations.
We used MHDI as a global indicator of socioeconomic status. To calculate MHDI, we used data from the Municipal Health Department Mortality Information System for 2009-2011 15 (for longevity) and from the Brazilian Institute of Geography and Statistics (IBGE) Demographic Census 2010 10 (for education and income). We determined the 2010 MHDI for individual census tracts using the methodology proposed by the United Nations Development Program. 16 We then used the MHDI for each census tract to create an MHDI for each district, by averaging the MHDIs of any census tracts that intercepted the district, weighted by the relative proportions of the census tracts.
We also used data from the IBGE Demographic Census 2010 10 to calculate our sanitation indicators: sewage-system rate and garbage-collection rate. We defined these rates as the proportion of households that had sewage-system and garbage-collection services, respectively. As we did when performing our 2010 MHDI calculations, we calculated rates for sewage system and garbage collection for individual census tracts, and then we calculated these rates for each district by averaging the rates of the intercepting census tracts and applying weighting. For both the MHDI and sanitation indicator calculations, we used ArcGIS ArcInforelease 9.3. PNCD provides data on Aedes aegypti vector control, and LIRA provides data on Aedes aegypti vector infestation (density and detection). Both data sets are aggregated by district. Although we collected PNCD and LIRA data for 2014 and 2015, we used only the data from October through December 2014 for our analysis. We wanted to restrict our assessment of vector infestation and control to the spring and summer seasons in Recife, when vector proliferation tends to be highest. We also wanted our assessment to focus on the period that involved the beginning of gestation of the newborns analyzed in the study and that best represented the 9 months before onset of the outbreak.
The PNCD records a weekly summary of antivectorial, service, and entomological surveillance for the control of Aedes aegypti, and its bulletins include data on the number of homes visited and treated per district, as well as the amount of larvicide used per district. Using the data from these bulletins, we calculated the percentage of mosquito breeding sites treated with larvicide, which we defined as the number of deposits treated divided by the number of deposits identified in a household. We also calculated the larvicide consumption index, which we defined as the amount of larvicide used, in grams, divided by the number of deposits treated in a household. We subsequently determined a mean percentage of water deposits treated with larvicide and a mean larvicide consumption index for each district.
The LIRA records data on Aedes aegypti infestation of a random sample of households per district and reports these data bimonthly. Using LIRA data, we employed indicators previously used by others. 18 We calculated the Breteau index, which is defined as the number of households with water tanks testing positive for Aedes aegypti divided by the number of households investigated, and the building infestation index, which is defined as the number of households infested by Aedes aegypti divided by the number of households investigated. We subsequently determined a mean Breteau index and a mean building infestation index for each district.
We compared the groups of newborns with microcephaly and newborns without microcephaly by newborn variables (gestational age, hospital of birth, sex, and weight) and by maternal variables (age, education level, self-reported race/ ethnicity, number of previous pregnancies, number of prenatal visits, pregnancy type, and delivery type). We did not include the small amounts of missing data from the SINASC database in statistical testing. We used the Pearson w 2 test to compare the groups, and we considered P < .05 to be significant.
We verified the spatial dependence of the microcephaly data by using the spatial autocorrelation of residues, and we evaluated spatial clustering versus random spread by using Moran's I test 19 and a neighborhood matrix by contiguity. When we determined that spatial dependence was missing, we performed classical regression analysis, using a univariate negative binomial regression model, with results expressed as incidence rate ratios (IRRs) and 95% confidence intervals (CIs). For this model, we created 4 categories within each of the following socioeconomic and environmental variables: 2010 MHDI, Breteau index, building infestation index, sewage-system rate, garbage-collection rate, larvicide consumption index, and percentage of water deposits treated with larvicide. We used Stata release 13 20 to conduct the negative binomial regression analyses and w 2 analyses. We used R version 3.3.1 21 to conduct Moran's I test.
To construct thematic maps, we started with the cartographic base map of Recife, onto which we superimposed data on district microcephaly density. For each map, we then superimposed data on one of the following socioenvironmental and vector presence indicators (using 4 results groups for each indicator) for the district: 2010 MHDI, garbage-collection rates, sewage-system rates, and Breteau index. In addition, on one of the microcephaly density data maps, we superimposed the map of communities of social interest (CSIs) of Recife for 2014, 22 obtained from the Sanitation Authority of Recife. CSIs are areas with precarious infrastructure, characterized by owner-built homes and homes that are occupied by low-income families.
To determine the presence or absence of spatial aggregates of newborns with microcephaly, we scanned highrisk and low-risk areas of Recife by using the Bernoulli model, and we treated newborns without microcephaly as the controls. We defined the relative risk (RR) of microcephaly as the calculated risk of microcephaly within the cluster divided by the calculated risk of it outside the cluster, which we derived from the relationship between the numbers of observed and expected newborns with microcephaly. 23 We tested significance by using the Monte Carlo replication method for 999 interactions, increasing the scanning power by risk areas, with P < .05 considered significant. We performed analyses using SaTScan version 9. In general, the risk of microcephaly was significantly higher as each socio-environmental and vector variable worsened ( Table 2 ). The risk of microcephaly for each of the districts with a lower MHDI (when compared with districts with the highest MHDI) increased as MHDI decreased (P < .001), and the risk of microcephaly was highest for the districts with the lowest MHDI (IRR ¼ 3.90; 95% CI, 1.88-8.06). When compared with districts with the lowest Breteau index (larvae density) and building infestation index (larvae detection), the risk of microcephaly increased as the Breteau index (P ¼ .015) and building infestation index (P ¼ .027) decreased, and the risk of microcephaly was highest in the districts with the highest Breteau index (IRR ¼ 2.31; 95% CI, 1.19-4.50) and the second-highest building infestation index (IRR ¼ 2.39; 95% CI, 1.24-4.64). When compared with districts with the highest sewage-system rates, the risk of microcephaly increased as the sewage-system rates of districts decreased (P ¼ .023); however, when compared directly, the risk was higher in only the districts with the lowest sewage-system rates (IRR ¼ 2.20; 95% CI, 1. 16-4.18) . When compared with districts with the highest garbage-collection rates, the risk of microcephaly increased as the garbage-collection rates decreased (P ¼ .033); however, when compared directly, none of the individual differences was significant.
The risk for microcephaly did not follow a significant trend of increasing as larvicide consumption index and percentage of water deposits treated with larvicide increased (Table 2 ). The only exception was in districts in the second-to-lowest percentage of water deposits treated with larvicide group, which, when compared with districts in the lowest group, had a significantly higher risk of microcephaly (IRR ¼ 2.38; 95% CI, 1.22-4.65). When we changed the model to use percentage of water deposits treated with larvicide as a dichotomous (high vs low) variable, the IRR was 0.96 (95% CI, 0.65-1.43).
In the multivariate regression model, of all the aforementioned variables, only MHDI continued to show a significantly increasing risk of microcephaly for districts in progressively lower MHDI categories (P ¼ .036). These findings persisted in all models tested, including those tested with 2 or 3 variables (data not shown).
Thematic maps involving MHDI and CSIs illustrate the predominance of newborns with microcephaly in the poorest areas of the city (Figure 1 ). Of the 202 newborns with microcephaly, 147 (72.8%) were located in areas with MHDI <0.7. In addition, 141 (70.0%) newborns with microcephaly were located in a CSI.
Thematic maps involving vector presence and sanitation indicators illustrate the spatial distribution of newborns with microcephaly in Recife districts with varying Breteau indexes, garbage-collection rates, and sewagesystem rates (Figure 2 ). Of the 202 newborns with microcephaly, 135 (66.8%) were located in districts with a Breteau index (density of larvae) higher than the median (2.5). Most newborns with microcephaly were located in districts with lower garbage-collection and sewage-system rates.
Finally, another thematic map shows spatial clusters where the risk of microcephaly was low or high ( Figure  3) . A low-risk region in the south of Recife had an RR of microcephaly of 0.14 (P ¼ .04); 2 (1.0%) newborns were observed with microcephaly, and 13 newborns were expected to have microcephaly. A high-risk cluster in the north of the municipality had an RR of microcephaly of 1.89 (P ¼ .01); 86 (42.6%) newborns were observed with microcephaly, and 57 newborns were expected to have microcephaly. On the map, the low-risk cluster was in a region with a high MHDI, and the high-risk cluster was in a region with a low MHDI.
Discussion
In our study, we found that microcephaly occurred disproportionately in the poorest populations, particularly those residing in CSIs (indicating precarious urban infrastructure) and in areas with low MHDI (indicating low levels of longevity, education, and income).
The significantly different patterns of incidence of newborn microcephaly that we identified among various maternal races, education levels, and access to health care services provide evidence of the socioeconomic inequality involved in this microcephaly outbreak. In our study, the proportion of newborns with microcephaly born to black and mixed-race mothers in Recife (84.6%) was substantially higher than the proportions of black or mixed-race women in both the general Pernambuco state (61.8%) and Brazil (50.7%) populations. 10 We also observed disparately low levels of education, high levels of use of public health care services, and high levels of CSI residence in the mothers of newborns with microcephaly. In a broader study, women in Brazil and Latin America compared with women in developed countries were found to have lower education levels and other socioeconomic inequities as a result of the intergenerational transmission of poverty and the lack of public policies that adequately protect their rights. 25 These socioeconomic disparities are likely to increase the challenges of the families of children with microcephaly to accept these children and to offer them compassionate care and lives of dignity.
Our findings also validate the findings of Lesser and Kitron, 26 who argued that the Zika virus crisis is just another indicator of the social inequality that persists in contemporary Brazil. In contending that Aedes aegypti is not a democratic mosquito, they also showed that the Zika virus crisis and resulting microcephaly outbreak were embedded primarily in the pockets of poverty and precarious sanitation that exist in parts of Brazil.
We are not the first to report socioeconomic disparities in Recife. Intraurban inequalities in infant mortality and communicable diseases in Recife were the subject of other epidemiological studies that examined the effect of various environmental and socioeconomic factors on these outcomes. [27] [28] [29] In addition, the WATERLAT-GOBACIT Network Working Papers, published in 2016, discussed the occurrence of microcephaly in 59 children from poor areas of Recife and drew attention to the social inequalities in the spatial distribution of microcephaly in the city. 30 Furthermore, although in the literature the relationships between Aedes aegypti infestation indicators (eg, Breteau index and building infestation index) and socioeconomic factors, urban infrastructure levels, and dengue incidence are inconclusive, factors such as demographic density, population mobility, sanitation, and mosquito infestation affect the risk of other diseases, especially dengue. [31] [32] [33] For this study, we used the Intergrowth-21st criterion to identify newborns as having microcephaly. 14 Victora et al 34 also used the Intergrowth-21st criterion, along with goldstandard imaging of newborns with microcephaly from the Brazilian surveillance system, and they established that this criterion had a sensitivity of 85% and specificity of 97.8% for newborns with microcephaly in Brazil. As a result, they recommended the use of the Intergrowth-21st criterion for the classification of microcephaly in epidemics, stressing the importance in times of uncertainty of maintaining high specificity without sacrificing sensitivity. However, a cohort study of pregnant Brazilian women questioned the use of the cephalic perimeter as a single criterion to identify congenital Zika virus infections. 7 The authors of the study found unfavorable outcomes, including other substantial neurological abnormalities, in 41.9% of newborns of mothers exposed to the Zika virus, despite the fact that only 3.4% of the newborns were diagnosed with microcephaly. These findings suggest the possibility that focusing only on microcephaly may lead to a large underreporting of the unfavorable outcomes related to Zika infection, of which microcephaly appears to be only one. With this in mind, whereas the number of newborns with microcephaly identified in our study may accurately reflect the microcephaly epidemic that affected Recife during the study period, it may represent only the tip of the iceberg of the overall Of the 19 554 live births that we identified in Recife during the study period, about 1% were newborns with microcephaly. At about the same time, the Latin-American Collaborative Study of Congenital Malformations estimated a historical microcephaly prevalence in Brazil of 0.02%. 35 Whereas our data suggest the presence of an epidemic in Recife during the study period, Butler 36 questioned whether there was in fact a microcephaly epidemic in Brazil, and whether there was a clear causal relationship between maternal infection with Zika and children born with microcephaly (or whether it may also be related to the environmental exposure of pregnant women to teratogenic agents). These questions point to the need to expand our analysis and perform more extensive prospective studies. Our results also point to the need for increased efforts at entomological surveillance and at measuring Aedes aegypti control in cities such as Recife.
The results of our study emphasize several ethical concerns, as previously identified by Rego and Palácios. 37 In their article, they focused on 3 ethical issues that pertained to the Zika virus outbreak in Brazil. First, they noted that Zika infection should be considered a pandemic disease in a world without boundaries, and they suggested that cooperative international teams be set up to address Zika infection. Second, they identified the need to maintain balance between individual rights and state intervention. Third, they emphasized the importance of improved access to comprehensive sexual and reproductive health care services, including contraception and abortion, as well as access to ongoing support and care for the children and families affected by Zika infection. The neurological impairment of children with microcephaly demands the provision of round-the-clock care by their mothers, who often have other children and are the sole providers in their homes. In addition, the situations of these women are frequently aggravated by being poor and having difficulty accessing specialized health services, both of which amplify the social injustice.
Limitations
This study had several limitations. First, we were unable to geocode 8% of the newborns identified in the SINASC and CIEVS/RECIFE databases because of missing data on residential addresses of mothers. However, we were able to geocode all newborns with microcephaly in those databases. We believe that the geocoding rate of 92% was acceptable for this type of study, and that the exclusion of 8% of nonmicrocephaly births from our analysis should not have substantially influenced the results. In fact, because we analyzed environmental variables by district (the smallest administrative unit for which data were available), the strength of the association between these variables and microcephaly may have been masked. Recife, like other Brazilian capitals, is characterized by differences in internal infrastructure and intraurban socio-environmental inequalities, where areas with high socioeconomic status border areas with low socioeconomic status. It is a challenge to find and study areas that are more environmentally and socioeconomically homogenous.
Second, we did not use water supply as one of the socioenvironmental variables for our study. Recife has a water supply network that covers 87% of its population. 38 However, sporadic supply and the lack of water storage infrastructure in poorer areas mean that this percentage may not accurately reflect the realities of access to clean water or water storage alternatives. Owing to the sporadic water supply in Recife, the population is forced to develop strategies for storing water in reservoirs of all kinds and without adequate protection, facilitating the reproduction of Aedes aegypti. 26 Because of the concern that data on the available water supply network may not accurately reflect the reality in Recife, and the fact that databases provide no additional information about sporadic supply or other storage and consumption alternatives, we did not analyze this variable in our study.
Third, because the IBGE Demographic Census 2010 data included sewage systems that discharge directly into stormwater drains as being equivalent to systems that provide more adequate sewage collection and treatment, the sewage-system rates used in our study may have overestimated the rates for quality sewage systems. As a result, the risk of microcephaly in our study in areas with lower sewage-system rates may have been underestimated. Finally, the SINASC database lacked data for some socioenvironmental variables in a small number of live births. However, given the large size of the non-microcephaly study population and that the small amount of missing data was only within this population, we think it unlikely that these missing data substantially influenced our results.
Conclusions
The microcephaly outbreak in Recife disproportionately affected the newborns of women who were of black or mixed race, had low levels of education, were dependent on public health care services, and lived in the poorest areas. The concentration of newborns with microcephaly was highest in areas of Recife with more precarious urban infrastructure. These disparities in microcephaly incidence expose the level of socio-environmental inequality that exists in Recife, and they reinforce the need for government and public health authorities to formulate policies that promote both social equity and support for families and their children with microcephaly. Figure 3 . Spatial clustering of low-risk and high-risk districts for newborns with microcephaly, Recife, Pernambuco, Brazil, August 2015-May 2016. The relative risk of microcephaly was defined as the calculated risk of microcephaly within a cluster divided by the calculated risk of it outside the cluster, which was derived from the relationship between numbers of observed and expected newborns with microcephaly. 23 
